In capacitively coupled radio frequency discharges driven by two consecutive phase-locked harmonics, the electrical asymmetry effect (EAE) allows one to generate a dc self-bias as a function of the phase shift, θ, between the driving harmonics. If the two frequencies are chosen to be 13.56 and 27.12 MHz, the mean ion energy at both electrodes can be varied by a factor of about 2 by tuning θ at nearly constant ion flux. Until now the EAE has only been investigated in discharges operated at a fundamental frequency of f = 13.56 MHz. Here, we study the effect of changing this fundamental frequency on the performance of the EAE, i.e. on the electrical generation of a dc self-bias, the control range of the mean ion energy, and on the ion flux at both electrodes as a function of θ, by kinetic particle-in-cell/Monte Carlo simulations and theoretical modelling. We use argon gas and cover a wide range of fundamental frequencies (0.5 MHz f 60 MHz) and secondary electron yields. We find that the performance of the EAE is significantly worse at lower frequencies, i.e. the control range of the dc self-bias and, thus, the control range of the mean ion energy are strongly reduced. Based on the analytical model (i) the enhanced charged dynamics at lower frequencies and (ii) the transition of the electron heating mode induced by changing f are found to be the reasons for this effect.
Introduction
Capacitively coupled radio frequency (CCRF) discharges play a basic role in modern plasma processing technologies [1, 2] . The control of ion properties, namely, the ion flux, i , and the mean ion energy, E i , is particularly important for such applications. This separate control has motivated studies of discharges driven by two, or even multiple frequencies [3] [4] [5] [6] [7] [8] [9] , and the development of hybrid (inductive + capacitive) sources including customized bias voltage waveforms [10] [11] [12] [13] [14] [15] [16] [17] [18] . At high driving frequencies and large substrate surface areas, electromagnetic standing wave effects can cause radial inhomogeneities of the ion flux across the electrodes [19] . These effects can be prevented by dielectric lenses [20] or graded conductivity electrodes [21] , but generally cause problems at high driving frequencies.
A widely used concept to realize this separate control is driving one electrode by a waveform, φ(t), which is the superposition of two radio frequency voltages: φ(t) = φ lf cos(2πf lf t) + φ hf cos(2πf hf t).
(
Here φ lf and φ hf is, respectively, the amplitude of the lowfrequency (f lf ) and the high-frequency (f hf ) voltage waveform. In 'classical' dual-frequency (df) discharges, two significantly different frequencies, such as 1 and 100 MHz, are chosen with φ lf > φ hf . This approach is based on the idea that the high-frequency voltage amplitude determines the electron heating and, thus, the ion flux, whereas the low-frequency (lf) amplitude determines the ion energy at the electrodes. This concept was demonstrated to perform well only within narrow parameter ranges and to generally fail due to the frequency coupling [22] [23] [24] [25] [26] and the effect of secondary electrons [27, 28] . An almost ideal separate control of these ion properties can be realized via the electrical asymmetry effect (EAE) [29] . The EAE allows one to generate a dc self-bias, η, as a function of the phase shift, θ, between two phase-locked consecutive driving harmonics even in geometrically symmetric discharges. In practice, one electrode is driven by the following voltage waveform:
φ(t) = φ lf cos(2πf t + θ) + φ hf cos(4πf t).
We note that, a complex matching circuit is required to drive one electrode with such a voltage waveform [30] . Generally, the voltage waveform at the electrode does not correspond to the generator output. These differences will be affected by the choice of the driving frequencies. Such problems can be solved by automated feedback systems that measure the voltage at the electrode and adjust the generator output to realize a certain waveform at the electrode [12] .
For a fundamental frequency of f = 13.56 MHz, it was found that the mean ion energy can be changed by a factor of about 2 at constant ion flux by tuning θ from 0
• to 90
• [29] [30] [31] . In this way, the frequency coupling and parasitic effects of secondary electrons are widely avoided [28] . The strongest self-bias is generated electrically at (or near) θ = 0
• (negative bias) and θ = 90 • (positive bias). Reaching a high self-bias is advantageous, since it allows one to realize a wider range of ion energy control. Thus, most of the optimization studies of the EAE have targeted increasing the value of the self-bias. The EAE has been investigated in different gases, in Ar [30, 32, 33] , in hydrogen [34] , in oxygen [35] and in CF 4 [36] . Optimization of the ratio of the voltage amplitudes (φ hf /φ lf ) was reported in [37] , while the possibilities of using more than two driving frequencies have been explored in [38] . The effect of secondary electrons has been studied in [28] , in comparison with classical df discharges.
Until now all investigations of electrically asymmetric df plasmas have been limited to the fundamental frequency of f = 13.56 MHz. However, for applications also other frequencies are often used [1, 2, [39] [40] [41] [42] [43] . Thus, in this work we investigate the effect of changing the fundamental driving frequency on the performance of the EAE, i.e. on the electrical generation of the dc self-bias, the control range of the mean ion energy, and the ion flux at both electrodes as a function of θ, by kinetic particle-in-cell/Monte Carlo simulations and theoretical modelling.
Our studies cover the frequency range 0.5 MHz f 60 MHz and a wide domain of ion induced secondary electron yields. The paper is structured as follows. Section 2 describes the simulation method as well as the model and specifies the range of parameters covered in the frame of this work. The results are presented in section 3, while section 4 briefly summarizes our conclusions.
Simulation method and discharge model

Simulation method
Our simulations are based on a one-dimensional (1D3V) bounded plasma particle-in-cell (PIC) code complemented by a Monte Carlo treatment of collision processes (often referred to as 'PIC/MCC' approach) [44] [45] [46] . Our studies are carried out using argon gas. The cross sections for electron-neutral and ion-neutral collision processes are taken from [47] .
The discharge is driven by the voltage waveform defined by equation (2) . The low-and high-frequency amplitudes are chosen to be identical, i.e. φ lf = φ hf = φ 0 . The dc selfbias is determined in an iterative manner to ensure that the (positive and negative) charged particle fluxes to either of the two electrodes, averaged over one lf period, are equal. The simulations are performed for an electrode gap of d = 2.5 cm at a neutral gas pressure of p = 50 Pa.
At the planar, parallel and infinite electrodes, electrons are reflected with a probability of 20% [48] , and we account for the ion-induced emission of secondary electrons using γ of 0, 0.1 and 0.4. In this way, we study the effect of using different electrode materials and generally the effect of γ -electrons on the performance of the EAE. While γ = 0.1 corresponds to typical metal surfaces, γ = 0.4 corresponds to dielectric or semiconductor electrodes. In our code, fast electrons are moved with a smaller time step compared with slow electrons, to ensure that the Courant condition is fulfilled for all electrons, while maintaining an acceptable runtime of the code.
A pressure of 50 Pa is chosen to maximize the frequency interval, where the simulations converge at otherwise constant parameters. In this way we ensure to study only the effect of the fundamental frequency on the EAE. At lower pressures, the simulations do not converge at low frequencies and at higher pressures the simulations diverge at high frequencies. Certainly, similar investigations at lower pressures relevant for etching [2] and at higher pressures relevant for plasma enhanced chemical vapour deposition [49] would be interesting, but are outside the scope of this work.
However, the conclusions drawn here regarding the effect of the frequency on the EAE are believed to be rather general, although one has to note that using electronegative discharges-as in a number of plasma processing applications-additional physical effects, e.g. electron heating in the bulk electric field [50] , may modify the results.
Analytical model
The interpretation of the simulation results is performed on the basis of an analytical model of CCRF discharges, which is described in detail elsewhere [51] . Here, only its result for the dc self-bias, η, is used:
Here, φ max and φ min are the maximum and the minimum of the driving voltage waveform, φ(t), respectively, while min are the voltage drops across the plasma bulk at the time of maximum and minimum applied voltages, respectively. In electropositive low pressure discharges such as investigated here, the first term dominates and the other terms can be neglected. ε is the symmetry parameter defined as the ratio of the maximum sheath voltages at both electrodes,φ sp andφ sg . For equal electrode surface areas it is given by
Here, n sg and n sp are the spatially averaged ion density in the sheath at the grounded and powered electrodes, while Q mg and Q mp are the maximum (uncompensated) charge in the respective sheath. In the following, input parameters in terms of the floating potentials, bulk voltages, and the symmetry parameter are taken from the simulations to calculate the self-bias via equation (3) . Moreover, the self-bias normalized by 2φ 0 , i.e. η = η/(2φ 0 ), is discussed. Figure 1 shows the absolute value of the normalized dc selfbias, |η|, as a function of the fundamental driving frequency, f , at θ = 0
Results
• and p = 50 Pa, for secondary yields of γ = 0, 0.1 and 0.4. The solid lines and symbols show the simulation results, whereas the dashed lines and open symbols correspond to the model calculations using equation (3) . At or close to θ = 0
• the strongest bias is generated for a given frequency [52] . The rf voltage is kept constant at φ 0 = 200 V for γ = 0, 0.1 and at φ 0 = 80 V for γ = 0.4. The frequency range covers the interval from f = 0.5 to 60 MHz. When f is changed, the second driving frequency is changed 2 , and (c) the ratio of the spatially averaged ion densities in the sheaths, n sp /n sg . accordingly to ensure that always two consecutive harmonics are used. At fixed voltage amplitude, the frequency range is limited by a very slow convergence of the simulations at low frequencies and a divergence at high frequencies. This is similar to experiments, where no discharge can be ignited at 50 Pa for certain voltage amplitudes at low frequencies and arcing occurs at high frequencies. The voltage amplitudes are chosen to (i) be constant for a given γ to study only the effect of changing the frequency on the EAE and to (ii) maximize the frequency range, where the simulations converge. This requires different voltages for different γ -coefficients, again similar to experimental findings.
Similar to previous investigations using f = 13.56 MHz [29] [30] [31] a self-bias of 25% of the total driving voltage amplitude is found for γ = 0. Within the frequency range of convergence this value is essentially constant and will not be discussed further. Convergence is not found at frequencies below 4 MHz, since sheath heating becomes inefficient and no secondary electrons are included to sustain the discharge in γ -mode. Completely neglecting secondary electron emission, however, is unrealistic so that only the results for the two values of γ = 0.1 and 0.4 will be discussed in detail in the following. Figure 2 shows the symmetry parameter, ε, as well as the following terms in equation (4) required to calculate ε as a function of f for γ = 0.1 and 0.4: the squared ratio of the maximum charges, (Q mg /Q mp ) 2 , and the mean ion densities, n sp /n sg , in both sheaths, obtained from the simulations. The frequency range 0.5 MHz f 40.6 MHz is shown. First we discuss the effect of γ at high frequencies: at f 27.12 MHz and θ ≈ 0 • the strongest (negative) self-bias is generated via the EAE for a given value of γ . However, its magnitude is strongly affected by the choice of γ . It is reduced from |η| ≈ 25% at γ = 0 to |η| ≈ 19% at γ = 0.1 and finally to |η| ≈ 13% at γ = 0.4. In order to prove that this decrease is caused by the change of γ and not by the different voltage amplitudes we have also carried out an additional simulation with φ 0 = 80 V and γ = 0.1, at f = 27.12 MHz. This is confirmed: the solid black data point shown in figure 1 corresponding to these latter parameter values is in the vicinity of that obtained at φ 0 = 200 V and γ = 0.1. The decrease in the self-bias as a function of γ at a fixed frequency and phase shift is caused by the effect of γ on the spatio-temporal ionization dynamics, which is shown in figures 3(a), (b) and (d) for f = 27.12 MHz. For γ = 0, the discharge is operated in α-mode and ionization caused by the expanding sheaths dominates [53] . As η < 0 V, the timeaveraged sheath voltage at the powered electrode (situated at x = 0) is higher compared with that at the grounded electrode. Thus, for γ > 0 the acceleration and multiplication of secondary electrons in the sheath is more effective at the powered electrode. Consequently, more ionization by γ -electrons at the times of high sheath voltage within the rf period is found at the powered electrode. Additionally, ionization by the expanding sheath is observed. At the lower value of γ = 0.1 the latter ionization mechanism dominates, i.e. the discharge is operated mainly in the α-mode. By increasing γ a transition into the γ -mode is induced [53] , so that ionization by secondary electrons dominates at γ = 0.4. In the γ -mode and for η < 0 V, significantly more ionization is observed at the powered compared with the grounded electrode. This asymmetry of the spatio-temporal distribution of the ionization is stronger at γ = 0.4 compared with 0.1. Consequently, for γ = 0.4 the mean ion density in the sheath adjacent to the powered electrode is higher compared with that at the grounded electrode. This affects the discharge symmetry, i.e. ε increases due to an increase in n sp /n sg (see figure 2 ). According to equation (3) this will cause the self-bias to decrease, if γ is increased. The increase in the symmetry parameter to ε ≈ 1.2 at high frequencies corresponds to a higher maximum sheath voltage at the grounded electrode compared with that at the powered electrode. This enhances the ionization by secondary electrons at the grounded electrode at the time of maximum sheath voltage relative to the time of maximum sheath voltage at the powered electrode and partly compensates the increase in n sp /n sg . However, at high frequencies the symmetry parameter is close to unity for both values of γ , so that the effect of the different timeaveraged sheath voltages on the ionization dynamics is stronger compared with the effect of the different maximum sheath voltages.
Next we explore the effect of the driving frequencies: for both values of γ > 0, a strong decrease in the self-bias is induced by lowering the fundamental driving frequency. At γ = 0.1, |η| is reduced from 19% to 7%. This decrease is caused by the more pronounced charge dynamics [52] within the lf period at low compared with high driving frequencies. Figure 4 shows the total uncompensated positive charge in the plasma, Q tot , normalized by its maximum, Q max , as a function of time within one lf period. Time is normalized by the duration of one lf period, T RF , for 27.12 MHz and 0.5 MHz. Note that T RF is strongly different at 0.5 and 27.12 MHz. Most of the time the uncompensated charge decreases linearly as a function of time, since ions are continuously lost to the electrodes at the Bohm flux. However, when one sheath collapses, electrons are lost to one electrode and the charge increases again. At θ = 0
• two sheath collapses occur at the grounded electrode and one collapse occurs at the powered electrode within one lf period. Thus, the total net charge exhibits three maxima as a function of time, within one lf period. For both frequencies, the absolute maximum of the charge is found, when the sheath at the powered electrode collapses and the sheath at the grounded electrode is fully expanded. This charge corresponds to Q mg . Q mp is found at times of sheath collapse at the grounded electrode. The modulation of the total net charge as a function of time is significantly stronger at the lower frequency. At f = 0.5 MHz this modulation is about 50%. This is a notably high value, especially considering that some discharge models assume that the total net charge is (nearly) constant. At the higher frequency case, f = 27.12 MHz, the modulation of the net charge with time remains below 10%.
The stronger charge dynamics at lower frequencies is caused by the longer time between two consecutive sheath collapses, i.e. the longer duration of one lf period. More ions are lost between two collapses and the total charge decreases to lower values compared with the high-frequency scenario. Consequently, the ratio of the maximum charges, Q mg /Q mp , increases at lower frequencies such as shown in figure 2 . This affects the symmetry of the discharge. According to equation (4) the symmetry parameter increases at lower fundamental frequencies due to the more pronounced charge dynamics (figure 4), i.e. the maximum sheath voltage at the grounded electrode becomes higher compared with that at the powered electrode. This, in turn, affects the ionization dynamics at low frequencies shown in figures 3(c) and (e). At f = 0.5 MHz, sheath expansion heating of electrons becomes inefficient and the discharge is operated in γ -mode for both values of γ investigated, i.e. by decreasing the frequency a transition from an rf towards a dc discharge is observed. As the maximum sheath voltage at the grounded electrode is now significantly higher compared with that of the powered electrode (ε ≈ 1.45 for γ = 0.1 and ε ≈ 1.4 for γ = 0.4), more ionization by secondary electrons is observed at the grounded electrode, although the mean sheath voltage is higher at the powered electrode (η < 0 V). This causes n sp /n sg to become less than unity (see figures 2 and 5), which affects the symmetry parameter in a way that partly compensates the effect of the charge dynamics. This is completely different compared with the high-frequency scenario at 27.12 MHz, where n sp /n sg > 1 for high values of γ (figures 2 and 5), since the effect of the time-averaged sheath voltages on the ionization dynamics dominates compared with the effect of the maximum sheath voltages, since ε is close to unity at high frequencies. This difference is illustrated in figure 5 , that shows the timeaveraged ion density profiles at 0.5 and 27.12 MHz for γ = 0.4 together with the maximum sheath widths and the values of n sp /n sg in both cases.
The self-bias is significantly different for different values of γ at high frequencies, but becomes similar at low frequencies for both values of γ > 0 (figure 1). At high frequencies, the charge dynamics is weak independently of γ , i.e. Q mg /Q mp ≈ 1, and changing γ affects n sp /n sg and, thus, ε and η via its effect on the ionization dynamics. At low frequencies, the charge dynamics leads to Q mg /Q mp > 1 and causes n sp /n sg < 1 via its effect on the ionization dynamics caused by the different maximum sheath voltages. However, at low frequencies the ion flux is lower at γ = 0.4 compared with 0.1 due to the lower driving voltage of 80 V compared with 200 V. Thus, the charge dynamics is less pronounced at γ = 0.4 and the maximum sheath voltages are more similar. This causes n sp /n sg to be similar in both cases, although more secondary electrons are emitted at the electrodes at γ = 0.4. Finally, this results in a similar self-bias at low frequencies for both values of γ .
Decreasing the fundamental driving frequency affects the central ion density, n i , as shown in figure 6 . A quadratic increase in n i as a function of f is found, such as predicted by a global power balance in CCRF discharges [2] . The effect of changing f on the mean ion energy and flux at both electrodes is plotted in figure 7 . At both electrodes, the ion flux follows the quadratic behaviour of the central plasma density. It is generally higher at γ = 0.1 compared with γ = 0.4, due to the higher driving voltage of 200 V compared with 80 V. At high driving frequencies, the ion flux is higher at the powered compared with the grounded electrode for a given γ due to the asymmetric ionization dynamics caused by η < 0 V. E i decreases towards lower frequencies. This is caused by an increase in the sheath widths at lower frequencies, which is the consequence of a decrease of the ion density at fixed voltages. This causes the sheaths to become more collisional at lower frequencies and reduces the mean ion energy. For a given γ , E i is significantly different at both electrodes at high frequencies, while it is almost identical at low frequencies. This is caused by the strong decrease in |η| towards lower frequencies.
The dependence of the self-bias voltage on the phase angle, which is the control parameter for the mean ion energy, is shown in figure 8 for different fundamental frequencies and γ = 0.1. The control range of the bias voltage is significantly reduced at lower frequencies due to the enhanced charge dynamics. Moreover, the functional dependence of η on θ is different at low and high driving frequencies. While the self-bias increases monotonically between 0 • and 90
• at high frequencies, it decreases slightly at small phase shifts and then increases at the lower values of f investigated. This is caused by the effect of θ on the charge and ionization dynamics. Figure 9 aids the understanding of this observation for γ = 0.1 at 1 and 27.12 MHz. At θ = 0
• the sheath adjacent to the grounded electrode collapses twice per lf period, while the sheath at the powered electrode collapses only once. The minimum sheath voltage during the second collapse at the grounded electrode increases as a function of θ due to a change in the driving voltage waveform until no electrons are lost to the grounded electrode during the second collapse at values of θ ≈ 20
• . This small angle effect (SAE) causes (Q mg /Q mp ) 2 > 1 for θ 20
• . As the charge dynamics is more pronounced at low frequencies, the SAE is more important at 1 MHz compared with 27.12 MHz, where ε ≈ 1 independently of θ. An analogous effect happens for phase shifts around 90
• with the role of both electrodes being reversed. The charge dynamics, i.e. (Q mg /Q mp ) 2 = 1, and, thus, the SAE affects the ionization dynamics in the way described before. Thus, n sp /n sg also changes as a function of θ and partly compensates the effect of the charge dynamics on the discharge symmetry.
The reduced control range of the self-bias as a function of θ at low driving frequencies caused by the charge dynamics has important consequences for applications, since it causes a strong reduction of the control range of the mean ion energy at lower frequencies. Figure 10 shows that the mean ion energy changes by a factor of about 1.75 (between about 24 eV and 42 eV) as a function of θ at f = 27.12 MHz, while it changes only by a factor of about 1.2 at 1 MHz. Although the relative variations of the ion flux are reasonably small for all frequencies studied, this result implies that the EAE cannot be used effectively to control the mean ion energy in df CCRF discharges operated at low driving frequencies.
The shapes and widths of the ion flux energy distribution functions at both electrodes also change as a function of the fundamental driving frequency, such as shown in figure 11 for γ = 0.1 and 0.4 at θ = 0
• . At low frequencies, the distribution functions decay exponentially, while they show multiple peaks at lower energies caused by charge-exchange collisions inside the sheaths and a more pronounced highenergy tail at high frequencies. These differences are caused by the lower plasma density at lower frequencies. Thus, the sheath widths are bigger and the sheaths are more collisional at a given voltage at low compared with high frequencies. At high frequencies the distribution function extends to higher energies at the powered compared with the grounded electrode, while this situation is reversed at low frequencies. At high frequencies, the strongly negative dc self-bias, i.e. a higher mean sheath voltage at the powered electrode, causes the maximum ion energy to be higher at the powered side, while ε ≈ 1, i.e. the maximum sheath voltages are identical at both electrodes. At low frequencies, however, the dc self-bias is strongly reduced, i.e. the mean sheath voltages are similar, but ε > 1, i.e. the maximum sheath voltage is higher at the grounded electrode. This causes the maximum ion energy to be higher at the grounded side at low frequencies. Experimental investigations of these effects are clearly required.
Conclusions
The effect of the fundamental driving frequency on the electrical asymmetry effect (EAE), i.e. the electrical generation of a dc self-bias, the control range of the mean ion energy, and the ion flux at both electrodes, has been investigated by PIC/MCC simulations and analytical modelling in dualfrequency capacitively coupled radio frequency discharges driven by two consecutive phase-locked harmonics with adjustable phase shift, θ. A strong decrease in the control range of the electrically induced dc self-bias and the mean ion energies at both electrodes as a function of θ was found at low compared with high fundamental driving frequencies. The control factor of the mean ion energy was found to be decreased from about 1.75 at 27.12 MHz to about 1.2 at 1 MHz. Although the ion flux to both electrodes remains fairly constant as a function of θ at all frequencies investigated, this result means that the EAE cannot be used effectively to control the mean ion energy at low driving frequencies in such discharges.
Based on the analytical model the decrease in the control range of the self-bias and the mean ion energy is found to be caused by an enhanced charge dynamics at low driving frequencies that affects the discharge symmetry and spatio-temporal ionization dynamics. Changing the electrode material, i.e. changing the secondary electron emission coefficient, γ , affects the electrical generation of a dc self-bias and the ion energy control primarily at high driving frequencies, where a higher γ leads to a stronger discharge asymmetry via the effect of secondary electrons on the ionization dynamics. This effect was found to work in a igure 10. The ion mean energy E i (top panels) and ion flux i (bottom panels) as a function of θ obtained for different frequencies from the PIC simulation for the powered (left panels) and grounded electrode (right panels). completely different way at high and low driving frequencies. While at high frequencies a negative bias causes more ionization by secondary electrons at the powered electrode due to different time averaged sheath voltages, different maximum sheath voltages caused by the enhanced charge dynamics lead to more ionization by secondary electrons at the grounded electrode at low driving frequencies, although η remains negative.
For large area processing applications in CCPs, there is typically a high-frequency limit caused by radial inhomogeneities due to electromagnetic standing wave effects [19] . This work demonstrates that there will also be limitations at low frequencies, if the EAE is used to realize the separate control of ion properties. Thus, a compromise must be found by choosing an intermediate frequency.
